Pollution 2022, 8(4): 1338-1347
DOI: 10.22059/POLL.2022.342517.1464

RESEARCH PAPER

Polystyrene and Polymethylmethacrylate Microplastics Embedded
in Fat, Oil, and Grease (FOG) Deposits of Sewers

Mitra Nikpay
Faculty of Civil Engineering, Dresden University of Applied Sciences, 01069, Dresden, Germany

Received: 03-05-2022, Revised: 16.06.2022, Accepted: 09.07.2022

Abstract

Fat, oil, and grease (FOG) deposits in the urban sewer system affect the optimal performance of the
wastewater collection system and treatment plant, while increasing sewer maintenance costs. The
interaction of microplastics (MPs) and FOG in the sewer system could drastically change the quality
of deposited materials and the fate of MPs in raw sewage. In this study, the batch experiment was
conducted to explain the mechanism of FOG formation by synthetic wastewater and its interaction with
polystyrene (PS) and polymethyl methacrylate (PMMA) particles. We found three different segments
for FOG deposits in the batch, namely static and buoyant micro-deposits, gel-like, and solid deposits.
The average size of micro-deposits adhered to the solid-liquid interface of the container was 25 pm and
buoyant deposits with a small size of 3 pm adsorbed onto the MPs at the liquid-air interface. The gel-
like formation promoted a virtual liquid phase where PS and PMMA were confined and segregated.
Some PMMA particles were entrapped in the self-assembly of biopolymers that formed between the
PS particles. This research indicates that FOG deposition in the urban sewers contains high numbers of
MPs, such that any plan involving a reuse or disposal program requires a risk assessment.
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INTRODUCTION

Microplastics (MPs) are emerging contaminants introduced into wastewater since the industrial
manufacture of the synthetic polymer in the early 1950s while its production and anthropogenic
impacts are increasing rapidly to date (Ainali et al., 2022; Viaroli et al., 2022; Azizi et al.,
2022; Razeghi et al., 2021; Adib et al., 2021; Alavian Petroody et al., 2021; Schessl et al., 2019;
Dehghani et al., 2017). Due to the enormous terrestrial impact of MPs, there is still a lack of
qualitative/quantitative information on the aspects related to interfaces, especially between MPs
and wastewater in the wastewater collection, treatment, and disposal systems. The interaction of
MPs with fat, oil, and grease (FOG) in the urban sewers is a critical issue that requires in-depth
study due to its importance for the operation and maintenance of sewer system (Nikpay, 2022).

Urban wastewater collection systems accumulate FOG from the household, food service,
and industrial wastewater in the form of hardened solids which leads to sewer pipe blockages
and eventually sewer overflows and implies financial losses (Wallace et al., 2017; He at al., 2013).
Sewer overflow could disperse high concentrations of organic and inorganic constituents,
including pathogens and MPs, into open spaces and pose a public health hazard. FOG in sewers
is related to people’s dietary habits and estimates at 50 kg/yr and 20 kg/yr for developed and less
developed countries, respectively (Williams et al., 2012).

FOG deposits are formed by the saponification process of saturated fat with palmitic as
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primary fatty acid and calcium (Ca*?) as the primary metal (He et al., 2011; Keener et al., 2008).
Two important sources of Ca*?in wastewater are water hardness and corrosion of concrete
pipes (He at al., 2013; Williams et al., 2012). Ca* in natural waters results from the dissolution
of polyvalent metal ions by the passage of water between rocks and soil or by the seepage of
pollutants. Ca** and magnesium (Mg*?) are the main contributors to the hardness value, while
other metals such as aluminum, barium, manganese, strontium, and zinc contribute only slightly
(Sepehr et al., 2013). The concrete source of Ca**in wastewater resulted from the corrosion by
the acidic form of H.,S at concentrations above 2 ppm, especially in the partially filled gravity
pipes (Li et al., 2017). Microbial deterioration of concrete by anaerobic sulfate-reducing (SRB)
and sulfur-oxidizing bacteria (SOB), starting with the production of hydrogen sulfide (H,$),
decreasing the concrete pH from 12 to 9, and finally the production of sulfuric acid (H,SO,)
and the reduction of pH to ~1 (Huber et al., 2016; Bielefeldt et al., 2010; Roberts et al., 2002;
Clark et al.,1999). The reaction of sulfuric acid with cement leads to the formation of gypsum
(CaSO,.2H,0) and later to form ettringite (3Ca0O. AL O, .3CaSO,.32H,0), which increases the
calcium concentration of the wastewater (O’Connell et al., 2010, Satoh at al., 2010).

The initial FOG deposits in the form of micro-deposits adhere to the inner walls of the pipes
or float at the liquid-air interfaces. Nieuwenhuis et al., (2018) measured the density of FOG in
sewers about 1.0 g/cm? which explains the floatability of the micro-deposits at the liquid-air
interfaces. The small deposits gradually grow in size and allow other wastewater components,
including MPs, to stick in their aggregation. The latter contributes to form more layers with
high yield strength, eventually increasing the size of aggregated FOG-based materials (Otsuka
et al., 2020; Keener et al. 2008). In addition, the release of various polar and nonpolar surfactants
in sewers could separate the FOG from the liquid phase with different mechanisms such as
emulsion, adsorption, foaming, or reverse micelles and make FOG deposits more susceptible to
the adsorption of dispersed MPs (Bergfreund et al., 2021; Ingram et al., 2013).

The present study aims to investigate the interaction between MPs and FOG deposits
using batch experiments and employ micro-size particles of polystyrene (PS) and polymethyl
methacrylate (PMMA) in the synthetic wastewater. Visualization and image processing
techniques were used to qualify and, as far as technically possible, to quantify the interaction
between MPs and FOG deposits.

MATERIALS AND METHODS

Synthetic wastewater formulated according to the constituents listed in Table 1 to simulate the
FOG formation process in the sewer. Stearic, palmitic, and oleic acids are various saturated and
unsaturated fatty acids occurring naturally in plants and animals and widely used in industry,
e.g., in the production of rubber, lubricants, dispersants, and plasticizers. The addition of palmitic
and oleic acids, as well as Ca**, increases the FOG deposit yield strength of the wastewater (Gross
etal, 2017). Surfactants comprise another group of wastewater constituents that enter the sewer
system by the use of detergents from households or industries. Surfactants used in the synthetic
wastewater solution are sodium dodecylbenzene sulfonate surfactant (SDBS), hexadecyl-
trimethyl-ammonium bromide (CTAB), and Triton X-100. Quartz represents inorganic fines
that are part of the wastewater matrix and affect the adsorption behavior of pollutants into MPs
surfaces (Nikpay, 2022). Iron oxide is one of the heavy metals that enter the sewer system by
industrial activities, corrosion of pipes, roofs, and road runoff (Ida and Eva, 2021).

After addition of the constituents of Table 1 to the deionized water, the solution was placed
in an ultrasonic device for 45 min and in a preheated oven at 70 °C for 5 min. The pH of the
solution was measured at ~ 6.5 and the temperature at ~20 °C. The materials used for this
experiment were purchased from Sigma Aldrich Co.

The particles used in the test are clean spherical polystyrene (PS) and polymethyl methacrylate
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Table 1. Components of synthetic wastewater solution

) Purity Concentration

Constituents

% mg/1
Stearic acid 98.5 33
Palmitic acid 99 34
Oleic acid 99 33
SDBS 99 7.5
CTAB 98 1.5
TX-100 95 10.2
Calcium chloride 97 74
Quartz <297 pym - 273
Iron oxide II/ III<5um 95 1

(PMMA), purchased from Sigma Aldrich Co. The color of PS is red with an average size of 60
um, and PMMA, also known as acrylic glass, is transparent white with a size of 900 um. The
density of PS is 1.05 g/cm’ and for PMMA 1.18 g/cm’, with contact angles for water in air of
86° and 67°, respectively. This means that PS is rather hydrophobic and PMMA has hydrophilic
characteristics (Verdu et al, 2022; Tokuda et al., 2015; Li et al., 2007; Howse et al., 2001). PS and
PMMA have a wide range of applications in industry and households.

To simulate the condition of wastewater in the sewer system, a wide-mouth beaker was
filled with 70 ml of synthetic wastewater and the experiment was repeated for three additional
identical solutions. A quantity of 6.8 mg PS and 3.5 mg of PMMA were weighed using METTLER
TOLEDO AT261 Delta Range analytical balance and added to the solution. After that, the beaker
was covered with parafilm and placed on the IKA Vibrax VXR with orbital motion of 180 rpm
for 168 hours. The solution containing the MPs was carefully transferred to another container to
allow detection of the adsorbed FOG deposit at the bottom of beaker using the Miiller GmbH
stereomicroscope equipped with a digital camera DCM310. The MPs and solution also were
examined under the microscope and the recorded images were analyzed using Image] software.

RESULTS AND DISCUSSION
Micro-deposits

FOG deposits in the batch were observed at the microscopic level and in large quantities.
Two types of deposits were identified: the static form was deposited at the bottom of the beaker,
and the buoyant form was located at the liquid-air interface of the solution.

Fig.1a shows dense white micro-deposits of FOG at the bottom of the glass container. The
highlighted patch in the image explains the further steps of thresholding and the measured
deposits in Fig.1a;, a, using particle analyzing method (Igathinathane et al., 2008). Fig.1b shows
the graph of the normal distribution of the counted micro-deposits to their diameter, where
the micro-deposits with a size of 25 um are dominant. Fig.1c displays the graph of cumulative
area of FOG micro-deposits versus the number of their counts for Fig.1a with an image size
of 3.01x2.26 mm. The linear fit model with a determination coefficient R>= 0.99 expressed the
equation for the measured area shown in the table of Fig.1c.

Fig.2a illustrates several discrete crystalline FOG micro-deposits that are buoyant at the
liquid-air interfaces due to their low density, which is intensified by the addition of surfactants.
A mixture of CTAB, SDS, and Triton X-100 participated in adsorption on the hydrophobic
surfaces of the buoyant FOG micro-deposits and contributed to the adsorption of charged and
uncharged molecules. As a result, the deposit was less prone to the adsorption of water molecules,
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Fig. 1. a) The image of FOG micro-deposits detected at the bottom of the beaker. The highlighted patch is pro-
cessed to count the deposits shown in a, and a,. b) The graph of the normal distribution and ¢) cumulative area of
the counted micro-deposits from the image (a).

which affected the density of the final deposit. Such a product adsorbs on the MPs surfaces and
confines the MPs inside the sticky materials. Likewise, adsorption of surfactants on the MPs
surfaces could actively change the surface charge properties. The hydrophilic PMMA particles
enable the adsorption of charged CTAB molecules by electrostatic attraction, with the head
towards the particle surfaces and the tail directed to bulk. The anionic SDS joins the interface by
the head towards the surface, forming a paired SDS-CTAB charge on the PMMA surfaces. On
the other hand, the PS exhibits a hydrophobic surface with no significant polar contribution to
the surface energy. Since the electrostatic repulsion is low, the hydrophobic force overcomes the
electrostatic attraction.

Fig.2b shows the adhesion of FOG micro-deposits with the size of less than 40 um to the
PMMA surfaces. Looking at Fig.2c, the aggregated micro-deposits become larger but are still
buoyant and confining more microplastic (MP) particles. Some PS particles remained buoyant
at the liquid-air interfaces of the synthetic wastewater, and the micro-deposits adsorbed onto
their surfaces, which is apparent in Fig.2d. The adsorption mechanism between the PS and the
micro-deposits resulted from the hydrophobic force of the PS. This force changes the three-
phase contact angle of the air-liquid-solid interfaces due to the surface deformation of the liquid
around the PS particle and the convective flow generated by the buoyant deposits.

The fatty acids crystals can generate convective flow at the liquid-air interface due to
Marangoni and capillary effects (See Fig.2c, e), attributed to temperature variations or chemical
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Fig. 2. a) The buoyant FOG deposits at the air-liquid interfaces, b) the adhesion of micro-deposits to the PMMA
surfaces, and c) the aggregated buoyant deposits entrapping the PMMA particles. d) Alignment of the buoyant
FOG deposits to the PS particle and e) detailed adsorption process for the selected part of (d).

compositions (Bansagi et al., 2013). The motion mechanism could also be influenced by the
surfactant activity at the liquid-air interfaces. Eventually, complex surface flow occurs between
the buoyant deposits and the MP, inducing deposit clusters that align with the MP surfaces (See
Fig.2e).

Gel-like deposit

Part of the FOG deposit in the batch turned into a gel-like phase of transparent white color.
Fig.3a, b shows a gel-like phase that separated from the rest of the solution where the PMMA
and PS particles were confined. In general, the gel phase induces by double-bond fatty acid
chains. The gel postulated a virtual phase within the wastewater solution and segregated a two-
phase liquid-liquid system. Segregation was also observed in PS and PMMA particles due to
differences in size, density, shape, or surface roughness of the particles, resulting in non-uniform
distribution of the particles in bulk (Jain et al., 2013).

Fig.3 shows the segregation of the particles in the batch due to the passage of PMMA (~60
um) through the voids between the PS particles (~900 um). The latter is the outcome of the
mechanical vibration or less motion of the PS particles, allowing the PMMA particles to
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Fig. 3. a) A gel-like phase with confined MPs inside and b) segregated PMMA particles. c) Formation of biopoly-
mers in voids between the PS and PMMA particles and d) the regular star shapes (1) and knitted parts (2).

percolate downward by gravity. The process will be more complex as it involves a viscous fluid
and orbital motion. Some of the trapped PMMA particles between biological filaments in the
gaps of PS particles failed to migrate to the lower layers of the collected MPs, shown in Fig.3c, d.
The different density of PMMA and PS, 1.18 g/cm® and 1.05 g/cm?, respectively, is another factor
for the segregation of MPs in wastewater. The influence of density on segregation is even greater
if the denser PMMA in the mixture is smaller. Both PS and PMMA samples are spherical, hence,
they have the highest flowability and are easier to mix and segregate compared to non-spherical
particles. In addition, adsorption of wastewater constituents on MPs surfaces can drastically
change their shapes and thus segregation tendency (Pohlman et al., 2006; Abreu et al., 2003).

Fig.3c represents self-assembled biopolymers of fatty acids between the gaps of PS particles.
The fatty acids in the filaments are aligned with the head to the PS particles and the tail along the
length of the bridge between the MPs, which is due to the partial adsorption of the hydrophobic
part of the fat molecules on the PS surfaces. The filaments formed a net-like structure (See Fig.
3¢, d) with an average diameter of 5um and 9um, respectively. The filaments resulted from a
bi-layer assembly of fatty acid molecules in water induced by hydrophobic forces between the
PS surfaces and their contrast with the hydrophilic force of the polar carboxyl group of the fat
molecules. According to the Gibbs model, these molecules begin to separate from the water-
soluble form via interfacial access and form a hydrophobic bilayer with heads toward the water,
allowing the boundary and the length of the filament to expand (Nikpay et al., 2015). Fig.3c also
shows that the filaments covered the PMMA surfaces and could not segregate with the generated
mechanical vibrations in the batch. The fatty acids filaments in Fig.3d exhibit several geometric
5- or 6-sided star shapes between PS particles and were gradually rolled up and knitted.
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2 mm

Fig. 4. The images show a) solid deposition of FOG and b) the attachment of micro-bubbles to the solid deposit
surfaces. ¢) Adhesion of PMMA (1) and quartz (2) to the solid surfaces of deposit, d) the transformation of the gel-
like phase into a solid phase (1), and a solid deposit (2).

Solid deposits

Part of the FOG deposits in bulk exhibited as white solids. Fig.4.a displays a small piece of
the solid FOG deposit with a Feret diameter of 8.6 mm and a total area of 31.3 mm? produced
in the batch experiment without MPs. The rigid texture of the FOG production results from the
neutral pH of the liquid (Dominic et al., 2013). The small dark spots on the surface of FOG are
magnetite particles (Fe,O,) that increase the density of the deposit. Adsorption of surfactants on
Fe*** could change the electrostatic properties of the latter, and the magnetite particles adsorb
on the hydrophobic surfaces of the solid particles.

Fig.4b shows abundant micro-bubbles attached to the FOG deposit due to its hydrophobic
surfaces, inducing the deposit to be more susceptible to adsorption of pollutants. In bulk, the
free surfactant molecules and macromolecules of fat can actively adsorb onto the liquid-air
interfaces of the bubble, leading to its growth and making it a platform for adsorption of micro-
and nano-sized plastics.

After adding MP into bulk, the red PMMA particles adhered to the FOG surfaces, as shown in
Fig.4c. The image also shows large numbers of fine quartz particles coated with dark magnetite
particles adhered to the FOG surfaces.

Fig.4.d shows the occurrence of gel-like and solid FOG deposits between PS and PMMA
particles. A part of the gel-like deposit from inside transformed into a white solid and formed
solid/liquid phase equilibrium. The liquid phase serves as a precursor phase for the subsequent
solid soap. Consequently, the separation of the liquid/liquid phase in bulk increases the
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concentration of FOG materials in one of the liquid phases, e.g. in gel-like phase, allowing the
fat molecules and other FOG-formative components to condense into the solid phase.

CONCLUSION

This study addressed several critical research gaps by identifying MPs directly in FOG deposits
of sewer pipes and providing new studies on the FOG formation and deposition segments.
Three segments of FOG deposits from the tests were identified as micro-deposits adhered or
floated in the batch, gel-like deposits and solid deposits. All three FOG formations were studied
using the synthetic wastewater with two types of pure MPs, polystyrene (PS) and polymethyl
methacrylate (PMMA), of sizes 900 um and 60 um, respectively.

A strong adhesion force was found between MPs samples and three different FOG segments,
which could influence the quantity and quality of sediments in the sewer system. The PS and
PMMA were confined in the FOG materials and separated from the bulk, while they segregated
and bond together by the self-assembled biopolymers.

The results of our study show that FOG buildup in the sewers may potentially contain large
quantities of MPs, making this deposit a major hazard to the environment.
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